U-insertion/deletion RNA editing of mitochondrial mRNAs in trypanosome mitochondria is mediated by a core complex (RECC) containing around 16-20 proteins which is linked to several other multiprotein complexes by RNA. There are two known subcomplexes in the RECC: the REL1 subcomplex which contains the REL1 RNA ligase, the MP63 zinc finger-containing protein and the REX2 U-specific 3'-5' exonuclease; and the REL2 subcomplex which contains the REL2 RNA ligase, the RET2 3' TUTase and the MP81 zinc finger-containing protein. In this study we have affinity isolated recombinant TAP-tagged Leishmania major RET2 and Leishmania tarentolae MP63, REL1 and REL2 proteins after expression in baculovirus-infected insect cells. Recombinant MP63 protein was found to stimulate several in vitro activities of recombinant REL1; these activities include autoadenylation, bridged ligation and even pre-cleaved gRNA-mediated U-insertion editing with RET2 which is in the REL2 subcomplex. There was no effect of recombinant MP63 on similar REL2 ligation activities. The specificity for REL1 is consistent with MP63 being a component of the REL1 subcomplex. These results suggest that in vivo the interaction of MP63 with REL1 may play a role in regulating the overall activity of RNA editing.
Introduction
Uridine insertion/deletion RNA editing in trypanosomatid mitochondria is a post-transcriptional process involving the specific insertion and deletion of uridine nucleotides into immature maxicircle transcripts thereby creating translatable mRNAs . Guide RNAs (gRNAs) contain the sequence information for editing (Avila and Simpson 1995; Blum et al. 1990; Panigrahi et al. 2008; Pollard and Hajduk 1991; Shu and Stuart 1993; Sturm and Simpson 1990a, b; Yasuhira and Simpson 1995) . Editing is mediated by several interacting multiprotein complexes. The core complex or RECC contains 15-20 proteins Stuart et al. 2005) , sediments around 20-25S in glycerol gradients and migrates as a band of around 1 MDa in native (Peris et al. 1997 ) and blue native gels Osato et al. 2009; Peris et al. 1997) . Low resolution 3D structures of the RECC particles from T. brucei and L. tarentolae were recently published (Golas et al. 2009; Li et al. 2009 ). The specific nomenclature suggestions for the editing complex and proteins which we recently proposed (Simpson et al. 2010 ) will be used in this paper.
Several of the RECC proteins have conserved motifs that suggest biochemical functions, and the functions of some of these proteins have been confirmed using recombinant proteins. These proteins have been given functional names replacing the operational names. These include the REL1 and REL2 RNA ligases , the REX1 and REX2 3'-5' U-specific exonucleases (Ernst et al. 2009; Kang et al. 2005; Rogers et al. 2007) , the RET2 3' TUTase Ernst et al. 2003) , and the REN1, REN2 and REN3 endonucleases (Carnes et al. , 2008 Kang et al. 2006; Panigrahi et al. 2008; Trotter et al. 2005) .
Interactions between RECC protein components have been studied by direct isolation, yeast two hybrid analysis, chemical cross-linking and subcomplex reconstitution with recombinant proteins Schnaufer et al. 2003 Schnaufer et al. , 2009 Simpson et al. 2004; Stuart et al. 2005) . Two subcomplexes have been identified: the REL1 subcomplex (SC1) contains REL1, MP63 and REX2, and the REL2 subcomplex (SC2) contains REL2, MP81 and RET2 Schnaufer et al. 2003) . Evidence for the interaction of these subcomplexes came from in vitro experiments showing that recombinant MP63 (rMP63) interacts not only with rREL1 and rREX2 as expected, but also with rREL2 and rMP81, which are components of the REL2 subcomplex Schnaufer et al. 2003 Schnaufer et al. , 2009 ).Also, both REX2 and MP81 interact with MP18 (Schnaufer et al. 2003 (Schnaufer et al. , 2009 ). Five proteins -MP24 (Salavati et al. 2006) , MP18 (Tarun et al. 2008) , MP44 (Wang et al. 2003) , MP46 (Babbarwal et al. 2007 ) and MP42 (Guo et al. 2008 ) -were found to be involved in the stability of the RECC since down regulation of expression of these proteins in T. brucei produces disruptions of the complex, suggesting that these have extensive protein-protein interactions. A number of RECC proteins (MP81, MP63, MP46, MP42, MP41, and MP47) contain zinc finger motifs which are found in many regulatory proteins. We showed that disruption of the one of the two C2H2 motifs in MP63 in T. brucei led to a partial growth defect and a substantive breakdown of the RECC , suggesting a structural role for this motif. A model incorporating the known interactions of RECC proteins (Schnaufer et al. 2009 ) is shown in Figure 1 .
In this paper we show that recombinant MP63 protein specifically stimulates several activities of recombinant REL1 RNA ligase in vitro and speculate on a possible in vivo regulatory role.
Results
Purification of Recombinant REL1 and REL2 Ligases, RET2 TUTase and MP63 TAP-tagged Lt REL1, Lt REL2 and Lt MP63 were overexpressed in insect cells using the Baculovirus expression system (Invitrogen), and affinity-purified using the standard TAP procedure (Puig et al. 2001) . Lm RET2 was purified by binding to IgG agarose followed by Cellulose Phosphate chromatography. This step was used since this protein was not released from calmodulin-agarose with EGTA. Stained gels and Western analysis of the final protein preparations are shown in Figure 2A , B. Recombinant REL1 and REL2 were purified to near homogeneity. The rREL1 had, in addition to the expected band at 50 kDa, several slowly migrating closely spaced minor bands, as has been observed previously and the reason for which is unclear. These minor bands reacted with anti-CBP antibody and could be autoadenylated with a[
32 P]ATP (Fig. 2B , C), suggesting that they are conformational isomers of REL1. The purified rRET2 was contaminated with two other minor bands, which were identified as insect hsp70 and ARTICLE IN PRESS G. Gao et al. 490 b-tubulin by mass spectrometry analysis, and the purified MP63 was contaminated with one other protein, which was identified as b-tubulin.
Recombinant MP63 Specifically Stimulates the Autoadenylation Activity of rREL1
RNA ligase can be covalently labeled with a[ 32 P]ATP due to the fact that the ligation reaction involves hydrolysis of ATP to AMP which remains covalently linked to the enzyme until donated to an RNA substrate. Both purified rREL1 and rREL2 showed in vitro autoadenylation activity (Fig. 2C) . Addition of rMP63 increased the level of the autoadenylation activity of REL1 in a dosedependent fashion (Fig. 3A) but had no effect on the level of REL2 activity (Fig. 3B ).
Recombinant MP63 Specifically Stimulates the Bridged Ligation Activity of rREL1
Pre-cleaved editing is an in vitro reaction in which the mRNA is already cleaved at the editing site and the two fragments are bridged by the cognate gRNA, thereby avoiding the endonuclease requirement. Both rREL1 and rREL2 can efficiently ligate a bridged nicked substrate with similar Km values . Addition of rMP63 showed, however, a specific upregulation of bridged ligation ARTICLE IN PRESS Figure 1 . 2D Model of RECC proteins within the 3D structure of the L. tarentolae RECC ). The areas are proportional to the molecular weights. Protein-protein interactions (Schnaufer et al. 2009 ) are indicated by bars. The SC1 and SC2 subcomplexes are indicated. The circled proteins are specific for each RECC subclass. Proteins whose removal causes disruption of the complex are indicated by crosshatching. The localization of REL1 has been established by tomography ) but the localization of other proteins is based solely on the known protein-protein interactions (Schnaufer et al. 2009 ) and otherwise is hypothetical. A single copy of each protein is assumed, but there are indications that some (e.g. REL1, MP63) may be present in more than one copy Kang et al. 2004 ) and this must be resolved by further work. 
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Effect of MP63 Protein activity of rREL1 and did not affect the bridged ligation activity of rREL2 (Fig. 3C ).
Recombinant MP63 Specifically
Stimulates the Pre-cleaved Editing Activity of rREL1 U-insertion editing has been proposed to be mediated by the REL2 subcomplex which contains the RET2 3' TUTase (Cruz-Reyes et al. 2002) . Pre-cleaved gRNA-mediated U-insertion can be reconstituted in vitro with rRET2 plus either rREL1 or rREL2 (Fig. 4A, B) . We found that rMP63 increased the extent of the REL1-mediated pre-cleaved þ1 U-and þ2 U-insertion activities but had no effect on the rREL2-mediated pre-cleaved U-insertion activities (Fig. 4A, B) . This is consistent with the specificity of the effect of rMP63 on rREL1 in vitro. 
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Discussion
We have investigated the role of the MP63 zinc finger-containing protein in the REL1 subcomplex of the RECC using recombinant proteins in vitro. The autoadenylation activity and the bridged ligation activity of rREL1 were stimulated by the addition of rMP63. These effects were specific to REL1 since rMP63 had no affect on either the autoadenylation or bridged ligation activity of REL2, although both enzymes were previously shown to have similar Km values . The specificity of the effect of rMP63 on rREL1 is probably a function of the known in vitro interaction of REL1 and MP63 Schnaufer et al. 2009 ), which are located in vivo in the same subcomplex (Fig. 1) , although the mechanism is unclear.
A similar phenomenon has been previously reported for the MP81 protein from T. brucei, which is a component of the REL2 subcomplex (Schnaufer et al. 2003 (Schnaufer et al. , 2009 
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Effect of MP63 Protein no effect on the activity of recombinant REL1 (Schnaufer et al. 2003) .
U-insertion editing, which requires the REN2 endonuclease for the initial cleavage , has been proposed (Cruz-Reyes et al. 1998) to utilize the REL2 subcomplex and U-deletion editing, which requires the REN1 endonuclease , the REL1 subcomplex. We examined the question whether rMP63, a component of the REL1 subcomplex, could affect in vitro editing mediated by rRET2, a component of the REL2 subcomplex. We first showed that pre-cleaved U-insertion editing could be reconstituted in vitro with just two recombinant enzymes, rRET2 and either rREL1 or rREL2. The addition of rMP63 to the rREL1-mediated U-insertion reaction increased the amount of the edited product for both þ1 U editing and þ2U editing. Again the stimulatory effect was specific for rREL1, although the extent of pre-cleaved editing with rREL2 þ rRET2 alone was equivalent to that of rREL1 þ rRET2. Since there is no direct effect of rMP63 on the 3' TUTase activity of rRET2 (data not shown), it is likely that the stimulatory effect of rMP63 on U-insertion and ligation is the result of stimulation of autoadenylation activity of rREL1 by rMP63. This result is not surprising since down regulation of REL2 activity in T. brucei in vivo is not lethal , suggesting that in vivo REL1 can substitute for REL2 in interacting with RET2 in U-insertion editing in spite of the localization in different subcomplexes (Fig. 1) .
We showed previously that both zinc finger motifs of MP63 are required for stability of the RECC to different extents , suggesting that protein-protein interactions of MP63 with other RECC proteins may be involved with RECC stability. The specific stimulation of pre-cleaved U-insertion editing mediated by rREL1 and rRET2 reported in this paper may be due to the interaction of the rMP63 zinc finger motifs with rREL1 but this remains to be investigated. These results suggest that MP63 may have a regulatory role in the editing reaction in vivo by affecting the activity of the REL1 RNA ligase.
Methods
Cell culture and plasmid constructions: T. brucei 29-13 procyclic cells (from G. Cross, Rockefeller University, New York), which carry integrated T7 RNA polymerase and tetracycline repressor, were cultured as described .
Recombinant proteins expression in insect cells using the baculovirus system: Cloning and expression of the Lt REL1 maltose-binding protein fusion was described previously . Monoclonal antibody against Lt REL1 was prepared by the Caltech Monoclonal Facility and tested against L. tarentolae mitochondrial extract. Lt REL2, Lm RET2 and Lt MP63 were cloned into pET161/GW/D-TOPO as His-tagged proteins. The overexpressed proteins were purified with Talon metal affinity resin (Clontech). Polyclonal antibodies against Lt REL2, Lm RET2 and Lt MP63 were prepared by Pacific Immunologies (Ramona, CA). Anticalmodulin-binding peptide (CBP) polyclonal antibody was purchased from Upstate Cell Signaling Solutions (Charlottesville, VA). For expression in the Baculovirus system, Lt REL1, Lt REL2, Lt MP63 and Lm RET2 with C-terminal TAP tags were inserted into the BamHI-EcoRI sites of the pFastBac plasmid (Invitrogen). All proteins except Lm RET2 were purified by binding to IgG agarose followed by TEV release and binding to CBP agarose resin followed by EGTA release. Lm rRET2 irreversibly bound to the CBP agarose and was therefore purified by cellulose phosphate chromatography (Sigma) after release from IgG agarose. The purified recombinant proteins were stored in aliquots at -70 1C.
Ligation and precleaved editing assays: The following RNA substrates were chemically synthesized (Dharmacon, Lafayette, CO; IDT DNA, Coralville, IA) and gel-purified: 5' fragment, 5' GCACUACACGAUAAAUAUAAAAAG-3'; 5'-UU fragment, 5'-GCACUACACGAUAAAUAUAAAAA-GUU-3'; 3' fragment, 5'-AACAUUAUGCUUCUUddC-3'; þ2 Br RNA (AG Br), 5'-AAGAAGCAUAAUGUUAGCUUUUUAUAUUUAUCGUGUAGUCddG-3'; þ1 Br RNA (A Br), 5'-AAGAAGCAUAAUGUUACUUUUUAUAUUUAUCGUGUAGUCddG-3' 0 brRNA, 5'-AAGAAGCAUAAUGUUCUUUUUAUAUUUAUCGUGUAGUCddG-3'.
The 5' fragment RNAs were 5'-phosphorylated with T4 polynucleotide kinase (Invitrogen) and [g-32P] ATP. Complementary RNAs were annealed in 20 ml of 50 mM Tris Á HCl (pH 7.5)/2.5 mM MgCl2/20 mM KCl/60 mg/ml BSA/1 mM DTT/30 (M ATP. UTP (1 mM) was added for the U-insertion assay. The reactions were incubated at 27 1C for 45 min for the ligation assay and 90 min for the RNA editing assay, and stopped by addition of three volumes of ethanol at -20 1C. The pellets were redissolved in 80% formamide/1 mM EDTA/50 mM Tris borate (pH 8.3) and electrophoresed in a 15% polyacrylamide-urea sequencing gel. The gel was dried and exposed to a PhosphorImager cassette. The signals were quantitated using IMAGEQUANT software (Molecular Dynamics).
